Abstract: Addition reactions of acid chlorides with various 2-substituted 4,5-dihydro-4,4-dimethyl-5-(methylsulfanyl)-1,3-thiazoles under basic conditions were studied. Two kinds of products were obtained from these additions, beta-lactams and non-beta-lactam adducts. When the reaction was carried out with 4,5-dihydro-1,3-thiazoles with a Ph substituent at C(2), the reaction proceeded via formal [2+2] cycloaddition and led to the correspoding beta-lactam. On the other hand, acid chlorides and 4,5-dihydro-1,3-thiazoles bearing an alpha-H-atom at the C(2)-substituent underwent C(alpha)-and/or N-addition reactions and furnished non-beta-lactam adducts, i.e., C(alpha)-and/or N-acylated 1,3-thiazolidines. The attempted transformations of sulfonyl esters of exo-6-hydroxy penams to endo-6-azido penams failed, although they were successful with mono-beta-lactams under the same conditions.
1.
Introduction. -A convenient synthesis of 4,4-disubstituted 1,3-thiazole-5(4H)-thiones 1, the less well-known di-sulfur analogs of 1,3-oxazol-5(4H)-ones (azlactones), was developed in the eighties [2] . The method also allowed the preparation of enantiomerically pure examples [3] . In a large series of experiments, it has been shown that the C=S group of 1 is the most reactive part of the molecule [4] .
Therefore, derivatives 1 have been used as models for 1,3-dipolaar cycloadditions [5] , hetero-Diels-Alder reactions [6] , and [2+2] cycloadditions [7] with C=S compounds, as well as for the study of BF 3 -catalyzed reactions with oxiranes [8] and thiophilic versus carbophilic additions of organometal compounds [9] .
After transformation of the C=S group of 1a (R 1 = Ph, R 2 = R 3 = Me) into the methylsulfanyl derivative 2a (R 2 = R 3 = Me), treatment of the latter with one moleequiv. of dichloroacetyl chloride (3a) followed by Et 3 N led to a 2:1 mixture of the β-lactam derivative 4a (a 'penam') and the 2-methylen-1,3-oxazin-6-one 5 3 ) in a total yield of 44% [10] (Scheme 1). Under analogous reaction condtitions, cis-2b (R 2 = Me, β-Lactam antibiotics belong to the most efficient agents in fighting bacterial infections 4 ). Mostly, the β-lactam antibiotics are the products of fermentation and semi-synthesis, and despite many efforts, only a couple of monocyclic β-lactams are produced by total synthesis. Nevertheless, there is a continuing interest in new synthetic methods towards this highly desired class of compounds (see, e.g., [12] ).
Among the various methods for the preparation of β-lactams, the acid chloride/imine (ketene/imine) addition is one of the most widely used. Since its discovery by
Staudinger in 1907 [13] , the scope and limitations of this method have been studied extensively, and much progress has been made on the synthesis of monocyclic β-lactams [14] . However, for the synthesis of bicyclic β-lactams, e.g., penams, this method suffers in two ways: the poor yield of the reaction and the low or inappropriate stereoselectivity. Although the problem of the wrong configuration at C (6) has been solved by the transformation of 6-epipenicillin to penicillin [15] , the epimerization is a multistep process and gives the product only in low yield. Therefore, a number of studies concerning the formation of the penam skeleton via the reaction of 4,5-dihydro-1,3-thiazoles with various acetylchlorides/base, i.e., the imine/ketene addition, have been published [16] . Furthermore, the continuing interest in penam derivatives is shown by the elaboration of new methods for their preparation (e.g. [17] ), the synthesis of analogs such as selenapenams [18] , and the modifcation of known compounds, e.g., 6-aminopenicillic acid (6-APA) [19] .
The aim of the present study was the extension of the reaction 2 → 4 on 4,5-dihydro-1,3-thiazoles of type 2 with a PhCH 2 or a Me group at C(2), as well as on acetyl chlorides bearing an acetoxy or phthalimido group. Furthermore, a method for transformation of 6-exo-substituted penams into the corresponding 6-endo-azido derivatives should be elaborated. was treated with acetoxyacetyl chloride (3b) in CH 2 Cl 2 at room temperature in the presence of Et 3 N, two products endo-6a and exo-6a were formed in a ratio of ca. 2:1, isolated in 62% yield after chromatographic workup. The two stereoisomers were separated by prep. TLC. On the basis of the spectroscopic data, the structures of isomeric penams 6 were assigned (Scheme 2). As it has been shown that in [2+2] cycloadducts of 4,5-dihydro-1,3-thiazoles with ketenes the ring S-atom is unmistakably oriented trans to the group with a heteroatom at C(6) [20] , endo-6a and exo-6a were assigned both as 5,6-trans products. Then, the remaining possibility for the presence of isomers must be the result of different configurations of the MeS substituent at C(2), as the reaction started from racemic 2a. Hence, endo-6a and exo6a were assigned as the diastereoisomers with 2-endo-and 2-exo-5,6-trans-bicyclic penams, respectively. Finally, the structure of endo-6a was confirmed by X-ray crystallography ( Fig. 1) . Similarly, the reaction of 2a and phthalimidoacetyl chloride 3c also gave a mixture of two diastereoisomers endo-6b and exo-6b (3:1) in a low yield of 15% (Scheme 2).
Results and
Scheme 2 Fig. 1 . ORTEP Plot [21] of the molecular structure of endo-6a (with 30% probability ellipsoids; arbitrary numbering of atoms)
Since the space group of endo-6a is centrosymmetric, the compound in the crystal is racemic. Whereas the acetoxy group at the β-lactam ring is exo oriented, i.e., cis to the Ph group, the methylsulfanyl group at the thiazolidine ring occupies the endo position.
On the other hand, acid chlorides 3a -3c reacted with the 2-benzyl substituted 4,5-dihydro-1,3-thiazole 2b under the same conditions (CH 2 Cl 2 , r.t.) to give different products. The reaction of 2b with excess dichloroacetyl chloride (3a) gave two products in almost equal amounts. According to the NMR spectra, the second product consists of a 1:1 mixture of diastereoisomers. The MS and the NMR spectra showed that they were derived from 1:1 and 1:2 adducts of 2b and 3a by elimination of one and two, respectively, equivalents of HCl. The IR spectra excluded the presence of β-lactam structures, as both products both lack the absorption at ca. 1750 cm -1 , i.e., the characteristic β-lactam C=O stretching band. In both compounds, an amide/lactam group was indicated by IR absorptions at 1700 and 1720/1710 cm -1 , respectively, and 13 C-NMR signals at 163.9 and 159.5 ppm, respectively. On the basis of the specroscopic data, structures 7a and 8 were proposed for these products (Scheme 3).
Treatment of 7a with excess 3a and Et 3 N in boiling hexane led to 8 in 31% yield.
Scheme 3
The same starting materials 2a and 3a reacted in refluxing hexane in the presence of Et 3 N, and the same product 7a was formed together with a new compound 9. Again, lack of absorptions for a corresponding C=O group showed that no β-lactam was formed; the C=O signals appeared at 1600 cm -1 and 179.5 ppm. Furthermore, a NH signal was detected at 10.92 ppm in the 1 H-NMR spectrum. The structure of 9 was proved undoubtedly by X-ray crystallography (Fig. 2) . [21] of the molecular structures of a) 9 and b) 7b (with 50% probability ellipsoids; arbitrary numbering of atoms)
Fig. 2. ORTEP Plots
Similar reactions of 2b with acetoxyacetyl chloride (3b) and phthalimidoacetyl chloride (3c), respectively, in refluxing hexane gave a single 1:1 adduct 7b or 7c in each case (Scheme 4). Furthermore, 2-methyl-4,5-dihydro-1,3-thiazole 2c reacted with 3a under similar conditions to give the '1:2 adduct' 10 in low yield. The structures of all these products were assigned on the basis of their spectroscopic and analytical data and, in the case of 7b, the structure was established by X-ray crystallography (Fig. 2) .
The space groups of 9 and 7b are centrosymmetric, therefore, the compounds in the crystals are racemic. The thiazolidine NH group of 9 forms an intramolecular H-bond with the O-atom of the side chain C=O group; graph set motif [22] S(6) . In the case of 7b, the exocyclic C=C bond is (Z)-configured.
Scheme 4
It should be mentioned that all attempts to synthesize spiropenams by the acid chloride/imine cycloaddition failed. Under various conditions, C(4)-spirocyclic 4,5-dihydro-1,3-thiazoles [9c] reacted neither with 3a nor with 3b in the presence of Et 3 N.
In most of the cases, the starting materials were recovered in high yields. Similarly, the bulky 2-(tert-butyl) -4,5-dihydro-4,4-dimethyl-5-(methylthio)-1,3-thiazole [9c] also failed to react with 2a,b under similar conditions.
Synthesis of Monocyclic α-Hydroxy-β-lactams and Attempted
Transformations to α-Azido-β-lactams. With the aim of elaborating reaction conditions for the transformation of penams of type 6 into the corresponding 6-endoazido derivatives, monocyclic β-lactams were prepared as model compounds. Thus, Nbenzalaniline (11) in CH 2 Cl 2 in the presence of Et 3 N was reacted with acid chlorides 3b and 3c, respectively, at room temperature to give the corresponding monocyclic β-lactams 12a and 12b in good to excellent yield (Scheme 5) 5 ). In the case of 3c, only the trans isomer 12b was obtained, whereas in the case of 3b, a 1:1 mixture of cis-and trans-12a was isolated. The cis/trans-configurations were assigned on he basis of the coupling constants of H-C(3),H-C(4) in the 1 H-NMR spectra [24] (see also [23] ).
Scheme 5
In several publications, the transformation of cis-and trans-substituted 3-hydroxyazetidinones to the corresponding 3-azido derivatives with inverted configuration has been described (e.g. [25] and trans-15, respectively, with complete conversion of the configurations (Scheme 6).
Scheme 6
The successful exchange of the OH group in monocyclic β-lactams for the azido group (see above and [25]) encouraged us to try this method in the case of the bicyclic β-lactams 6a. In analogy to the monocyclic β-lactams 12, the diastereoisomeric mixture 4, as well as the separated 2-endo-and 2-exo-diastereomers endo-6a and exo-6a, were hydrolyzed under mild conditions to give the corresponding 6-hydroxypenams 16 (Scheme 7). The diastereoisomers endo-and exo-16 formed from the mixture of endo-and exo-6a could be separated easily by prep. TLC 6 ).
The structure of exo-16 was established by X-ray crystallography (Fig. 3) .
Since the space group is centrosymmetric, the compound in the crystal is racemic. The substituents MeS, Ph, and OH are all exo-oriented. The OH group forms an intermolecular H-bond with the carbonyl O-atom of a neighboring molecule and thereby links the molecules into extended chains which run parallel to the [100] direction and can be described by a graph set motif [22] .
Scheme 7
6 ) The hydrolyses of the pure diastereoisomers endo-6a and exo-6a led to pure endo- However, it is not possible to predict the stereochemical course of all of the reported reactions with a single mechanisms, and it is likely that more than one mechanism is involved 7 ).
Scheme 8
In the acid chloride/imine cycloaddition, especially with cyclic imines, the heteroatom at the imine C-atom plays an important role in the determination of the relative configuration of the resulting β-lactam. It has been reported that a 4,5-dihydro-1,3-thiazole gives exclusively the 5,6-trans-configured penam in the reaction with N-protected glycyl chloride [20] . This observation was confirmed in the present study, in which only the 5,6-trans β-lactams 6a and 6b were formed in the reaction of 4,5-dihydro-1,3-thiazole 2a with acetoxyacetyl chloride (3b) and phthalimidoacetyl chloride (3c), respectively (Scheme 2).
The substituent at C(α) of the acid chloride also has an influence on the configuration of the formed β-lactam. It was found that a relatively bulky acid chloride leads to the 3,4-trans-configured β-lactam, while a less sterically hindered acid chloride had a minor influence on the configuration of the product. For instance, 3c
and benzalaniline (11) gave exclusively the β-lactam trans-12b, while 3b, under analogous conditions, afforded a 1:1 mixture of cis-and trans-12a (Scheme 5).
The efficiency of the cycloaddition reaction with cyclic imines depends to a great extent on the substituent at the imine C-atom. E.g., the reaction of a 2-unsubstituted 4,5-dihydro-1,3-thiazole with azidoacetyl chloride gave the correspoding penam in a very poor yield [30] , while the 2-phenyl-substituted 2a afforded the bicyclic β-lactams 6a in much higher yield (see also [10] ). However, a sterically bulky substituent at C(2) may obstruct the reaction, as the 2-tert-butyl analog of 2a failed to react with 3a and with 3b, respectively. For similar reasons, 4,4-spiro-4,5-dihydro-1,3-thiazoles of type 2a failed to give any β-lactam under analogous reaction conditions.
When the substituent at C(2) of the 4,5-dihydro-1,3-thiazole 2 bears a C(α) Hatom, the reaction with acid chlorides/Et 3 N proceeded via another pathway leading to N-and/or C-acylated products. The formation of N-acylated products in reactions with acid chlorides/Et 3 N has previously been reported [31] . They might be formed by the nucleophilic attack of the imine N-atom onto the ketene or acid chloride (2b→D, Scheme 9), followed by a proton-shift in the zwitterion D to give 7a. Apparently, this process is favored over ring closure to form a β-lactam.
To the best of our knowledge, the C-acylation of a 4,5-dihydro-1,3-thiazole by an acid chloride or a ketene has not been reported yet. A reasonable mechanism for the reaction 2b→9 is depicted in Scheme 9: the enamine moiety in the tautomeric structure 2b' may attack the ketene or acyl chloride to give E, followed by a prototropic isomerization. Control experiments showed that the C-acylation is even more favored in the absence of Et 3 N (16% of 7a and 64% of 9). Therefore, an initial deprotonation of 2b by the base, to give a benzyl anion, which then could attack the ketene to give E, is not necessary.
Scheme 9
The formation of 2:1-adducts in reactions of ketenes and 4,5-dihydro-1,3-thiazoles, i.e., 2-methylene-1,3-oxazin-6-ones or piperidine-2,4-diones, has already been reported [10][32] . However, the structure of compound 8 is different from those of the above reported bicycles, in which the substituents at C(2) were not involved in the formation of the fused ring system. A control experiment showed that 8 was also cyclization is also conceivable.
Scheme 10
The exchange of the OH group by the azido function was successful in monocyclic β-lactams 13 (Scheme 6), but it failed in our bicyclic β-lactams 16 (Scheme 7). The reason could be the stereochemical hindrance around the 6-sulfonate substituent in 17; both the fused thiazolidine ring and the 5-phenyl substituent contribute to this hindrance. The first contribution was confirmed by the successful substitution in 13, and the latter was supported by a report, in which a 5-unsubstituted 6-exo-hydroxypenam was converted to the 6-endo-azidopenam under similar conditions as ours [33] .
The acid chloride/imine cycloaddition provides a versatile and convenient way to produce monocyclic β-lactams in which high yields. By choosing appropriate substituents on both the acid chloride and the imine, a stereoselective formation of products could be achieved. However, for bicyclic β-lactams, the yields are generally poor, especially for the most desired 5-unsubstituted penams. To solve the problem, Nagao et al.
[16e] introduced the methylseleno-substituent into the 2-position of 4,5-dihydro-1,3-thiazoles. With this promotive group, the yield of the cycloadditions dramatically improved. The methylseleno-group could be removed afterwards by selective reduction using Bu 3 SnH. Concerning the stereochemistry of the products, the method afforded exclusively the undesired stereoisomers, namely the trans β-lactams with the substituent at C(6) exo oriented. Thus, to get biologically interesting products, an epimerization at C(6) is needed. As the exo → endo transformation was reported to be successful in bicyclic β-lactams [33] , the combination of Nagao's cycloaddition, deselenation, and the above transformation would open the way to the synthesis of biologically attractive penams.
We thank the analytical sections of our institute for spectra and analyses and -3-dichloroacetyl-4,4-dimethyl-5-methylsulfanyl-1,3-thiazolidine (7a) and 2, 3, 6, [1, 3] Suitable crystals for the X-ray crystal-structure determination were grown from hexane/Et 2 O by slow evaporation of the solvent.
2-Benzylidene

(E)-2-(3,3-Dichloro-2-oxo-1-phenylpropylidene)-4,4-dimethyl-5-(methylthio)-1,3-thiazolidine (9). a) According to
b) Into a soln. of 2b (189 mg, 0.75 mmol) in hexane (10 ml), 3a (167 mg, 1.13 mmol) was added. The mixture was heated under reflux for 3 h. After addition of Et 2 O (30 ml), the mixture was filtered through a short silica gel column, and the filtrate concentrated i.v. After CC with hexane/Et 2 O (10:1), 43 mg (16%) of 7a and 174 mg (64%) of 9 were obtained. -4,4-dimethyl-5-methylsulfanyl-1,3-thiazolidine (7b Suitable crystals for the X-ray crystal-structure determination were grown from hexane/Et 2 O by slow evaporation of the solvent. H 5.06, N 6.39, S 14.62; found: C 63.18, H 5.32, N 6.34, 138.3, 137.9 (2s, 2 arom. C); 129. 6, 128.8, 126.6, 124.3, 117 .9 (5d, 10 arom. CH);
(Z)-3-(Acetoxyacetyl)-2-benzylidene
2-Benzylidene-4,4-dimethyl-5-methylsulfanyl-3-(phthalimidoacetyl)-1,3-thiazolidine (7c
85.5 (d, C (3)); 66. 6 (d, C(4) 6, 128.9, 128.6, 128.4, 124.3, 117.8 (6d, 10 arom. CH); 78.6 (d, C (3)); 63.3 (d, C (4)). CI-MS: 258 (17) IR: 3560m, 3380m, 3000m, 2980m, 2920m, 1760s, 1600w, 1480w, 1460w, 1445m, 1390m, 1370m, 1280s, 1210s, 1180s, 1150s, 1060m, 1030m, 1005m, 980m, 870m, 850m, 700s, 640m . (6)); 80.9 (s, C (5) (4)). 8, 129.1, 128.9, 128.7, 126.9, 124.8, 117.6 (8d, 14 arom (4)). 13 C-NMR ((D 6 )DMSO):
6-exo-Hydroxy-2,2-dimethyl-3-endo-methylsulfanyl-5-phenyl-4-thia-1-azabicyclo[3.2.0]heptan-7-one (endo-16) and 6-exo-hydroxy-2,2-dimethyl-3-exomethylsulfanyl-5-phenyl-4-thia-1-azabicyclo[3.2.0]heptan-7-one (exo-16
160.0 (s, C=O); 139. 8, 136.2, 133.6, 131.9 (4s, 4 arom. C); 129.8, 129.2, 129.0, 128.7, 128.4, 127.8, 124.7, 117.1 (8d, 14 arom. C); 79.8 (d, C(3) ); 60.2 (d, C (4) H 3.90, Cl 8.57, N 3.38, S 7.75; found: C 60.81, H 3.79, Cl 8.29, N 3.38, ) and 6- -3-exo-methylsulfanyl-5-phenyl-4-thia-1-azabicyclo[3.2.0]heptan-7-one (exo-17a 122-123°. IR: 1785s, 1590w, 1480w, 1385m, 1270m, 1190m, 1180m, 1090m, 990w, 890m, 825m, 700m, 650m. 1 H-NMR: 7.5-7.3 (m, 9 arom. H); 5.84 (s, HC (6)); 4.53 (s, HC (3)); 2.26 (s, MeS); 1.89 (s, ); 1.20 (s, ). C=O); 140.7, 136.6, 134.1 (3s, 3 arom. C); 129.4, 129.0, 128.5, 128.1, 126.4 (5d, 9 arom. CH); 87.4 (d, C(6) ); 80.6 (s, C (5)); 72.9
(d, C (3)); 70.8 (s, C (2) H 4.29, N 2.98, S 20.46; found: C 51.40, H 4.10, N 3.07, S 20.93. exo-17a: White crystals. M.p. 131.5-132.7°. IR: 2980m, 2930w, 1785s, 1590m, 1480m, 1450m, 1400m, 1390m, 1375m, 1275m, 1260m, 1190s, 1180m, 1090s, 1050m, 1000m, 895m, 825m, 700m, 650m, 625m. 1 H-NMR: 7.5-7.25 (m, 9 arom. H); 5.71 (s, HC(6)); 4.57 (s, HC (3)); 2.27 (s, MeS); 1.81 (s, ); 1.01 (s, ).
13
C-NMR: 165.1 (s, C=O); 140. 7, 136.1, 134.0 (3s, 3 arom. C); 129.4, 129.0, 128.5, 127.9, 126.5 (5d, 9 arom. CH); 88.2 (d, C (6) 5. 4. 2, .
In analogy to experiment 5. M.p. 55-57°. IR: 3090w, 3030w, 3010w, 2920w, 1785s, 1610w, 1560s, 1545s, 1450w, 1410m, 1390m, 1375m, 1350s, 1270w, 1190s, 1090m, 1050w, 1000w, 980m, 890m, 830m, 700m, 645m 3, 147.8, 147.7, 136.2, 135.8, 134.6, 134.4 (7s, 4 arom. C); 132.7, 132.6, 128.7, 128.5, 128.2, 127.9, 127.8, 126.8, 126.4, 126.2, 120.1 (11d, 8 arom. CH); 89.8, 88.9 (2d, C(6) ); 80.4, 78.9 (2s, C(5)); 72.8, 70.9 (2s, C(2)); 71.0, 69.2, (2d, C (3) H 3.64, N 7.99, S 18.30; found: C 45.86, H 3.74, N 8.18, S 18.09. 6 . Substitution Reaction of arom. C); 129. 1, 129.0, 128.8, 127.4, 124.7, 117.4 (6d, 10 arom. CH); 67.3 (d, C(3) ); 60. 6 (d, C(4) 3030w, 3005w, 2920w, 2115s, 1760s, 1600s, 1500s, 1490s, 1455m, 1380s, 1355m, 1330m, 1320m, 1300m, 1280m, 1260m, 1145s, 1105w, 1090w, 1080w, 1030w, 990w, 900w, 850m, 700s, 690s, 630w 2-dimethyl-3-methylsulfanyl-5-phenyl-4-thia-1-azabicyclo[3.2.0]heptan-7-ones (17) . In analogy to the reaction described in Chapter 6, the mixture of diastereoisomers 17a (ca. 0.3 mmol) and NaN 3 (ca. 3 mmol) in DMF (5 ml) was heated to 50-60°C. After usual workup, only starting material was recovered. Under similar conditions, reactions with 17b and 17c were also not successful and, in addition to starting material, significant amounts of 4,5-dihydro-4,4-dimethyl-5-methylsulfanyl-2-phenyl-1,3-thiazol (2a) were isolated.
8. X-Ray Crystal Structure Determinations of endo-6a, 7b, 9, and exo-16 (see Table and Figs. 1 -3) 6 ). The measurements for compounds endo-6a, 7b, and 9 were made on a Nicolet R3 diffractometer, those for compound exo-16 on a Rigaku AFC5R diffractometer and a 12kW rotating anode generator, using graphite-monochromated MoK ± radiation (» = 0.71073 Å). The intensities were corrected for Lorentz and polarization effects, but not for absorption. In all cases, equivalent reflections were merged. Data collection and refinement parameters are given in the Table. The structures were solved by direct methods using SHELXS86 [34] , which revealed the positions of all non-H atoms. The non-H atoms were refined anisotropically. In the cases of 9 and exo-16, the H-atom of the NH and OH group, respectively, were placed in the positions indicated by a difference electron density map, and their positions were allowed to refine together with an isotropic displacement parameter. All other Hatoms in all structures were placed in geometrically calculated positions and refined by using a riding model where each H-atom was assigned a fixed isotropic displacement parameter with a value equal to 1.2 U eq of its parent atom (1.5 U eq for the Me groups).
The refinement of each structure was carried out on F 2 using full-matrix least-squares procedures, which minimized the function Σw(F o 2 -F c 2 ) 2 . A correction for secondary extinction was not applied. One reflection, whose intensity was considered to be an extreme outlier, was omitted from the final refinement of the structure of endo-6a.
Neutral atom scattering factors for non-H-atoms were taken from [35a] , and the scattering factors for H-atoms were taken from [36] . Anomalous dispersion effects were included in F c [37] ; the values for f' and f" were those of [35b] . [21] of the molecular structure of endo-6a (with 30% probability ellipsoids; arbitrary numbering of atoms) Fig. 2 . ORTEP Plots [21] of the molecular structures of a) 9 and b) 7b (with 50% probability ellipsoids; arbitrary numbering of atoms) Fig. 3 . ORTEP Plot [21] of the molecular structure of exo-16 (with 50% probability ellipsoids; arbitrary numbering of atoms) 
